Hantavirus cardiopulmonary syndrome is a zoonotic illness associated with a systemic inflammatory immune response, capillary leak, noncardiogenic pulmonary edema, and shock in humans. Cytokines, including TNF, IFN-␥, and lymphotoxin, are thought to contribute to its pathogenesis. In contrast, infected rodent reservoirs of hantaviruses experience few or no pathologic changes and the host rodent can remain persistently infected for life. Generally, it is unknown why such dichotomous immune responses occur between humans and reservoir hosts. Thus, we examined CD4 ؉ T cell responses from one such reservoir, the deer mouse (Peromy- 
H
antaviruses are zoonotic rodent-borne, negative-strand RNA viruses with tripartite genomes that can cause two diseases in humans: hemorrhagic fever with renal syndrome in Eurasia and hantavirus cardiopulmonary syndrome (HCPS) in the Americas (1) . These diseases have variable case-fatality ratios, with that of HCPS Ϸ35%. The principal target of hantaviruses is the capillary endothelium, which results in a capillary leak syndrome and edema but without conspicuous cytopathic effect (2) . In HCPS, the escape of plasma from the blood can result in cardiogenic shock from severe hypotension. In fatal cases, the intense antiviral immune response is suspected of contributing to pathogenesis in HCPS. Mononuclear cell infiltrates are found in autopsy lung specimens from HCPS patients, and many of these secrete proinf lammatory cytokines, including TNF, lymphotoxin (LT), IL-2, IL-4, and IFN-␥ (3). CD4
ϩ and CD8 ϩ cytotoxic T lymphocytes (CTLs) have been isolated from Sin Nombre virus (SNV) patients, and a prominent role for CD8 ϩ CTLs has been suggested for the severity of HCPS (4, 5) .
In contrast, rodent reservoirs infected with hantaviruses exhibit little or no pathology and can remain persistently infected for life (6, 7) . Each hantavirus species is associated with a single principal rodent host species (8) , suggesting that hantaviruses and rodents share a lengthy coevolutionary history. Deer mice (Peromyscus maniculatus) are the principal reservoir hosts for SNV, which causes the great majority of HCPS cases in North America (9) (10) (11) . Morphologic examination of the cells that express viral antigen in the tissues of infected deer mice reveals that they, as with infected human cells, are of endothelial origin (12) . However, in the deer mouse model, capillary leakage has not been observed (6, 7) . Deer mice that are persistently infected with SNV fall into two discrete categories: those with a widely disseminated pattern of infection that is associated with RNA viremia and those with a more limited form of infection (''restricted'' pattern), the latter of which retain viral RNA in at least some tissues but from which recovery of infectious SNV is more difficult (7) . However, for both patterns of infection, rodents remain healthy and viral RNA and antigen can be detected in multiple tissues, including the lungs, heart, spleen, kidneys, and brown fat. Deer mice produce antibodies that neutralize SNV; however, those antibodies are insufficient to clear the virus. The consistent presence of antiviral IgG also indicates a role for helper T cells in the containment of infection, because its production requires T cell-mediated class switching. Moreover, high-titered neutralizing IgG indicates affinity maturation occurs during infection, also implying a role for helper T cells during deer mouse immune responses to SNV. Despite such T cell mobilization to SNV infection, the virus eludes a sterilizing immune response and establishes persistence.
Several contributory mechanisms that should favor the persistence of viruses in host organisms have been identified, including interference with peptide processing, inhibition of MHC biosynthesis, sequestration in immunologically privileged sites, interference with cytokine responses, interference with bone marrow antigen-presenting cell (APC) development, and inhibition of cytolytic responses (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . However, most of the viruses that use those strategies have large genomes, unlike hantaviruses, that encode polypeptides that target these immunological pathways. Of the four polypeptides encoded by hantaviruses, none has been reported to possess such immunomodulating activities in their reservoirs, although some can affect type I IFN responses in human cells (24) . In addition, hantaviruses that cause HCPS possess an immunoreceptor tyrosine-based activation motif in the G N (or G 1 ) glycoprotein that may influence immune cells or infected endothelial cells (25) . However, it is unknown whether this occurs in infected deer mice.
Some pathogenic human virus infections have been associated with subsets of immunosuppressive CD4
ϩ T cells, collectively referred to as regulatory T cells, that differentially express TGF-␤ 1 , IL-10, and Forkhead box (Fox)P3 transcription factor, and suppress inflammatory responses in a contact-and cytokinedependent manner (26) (27) (28) . Included among these subsets are inducible regulatory T cells that express FoxP3 and TGF-␤ 1 , and T helper (Th)3 cells that express TGF-␤ 1 but not FoxP3 (29) . Such suppression can lead to chronic infection with several viruses, including HIV, herpes simplex virus, hepatitis C virus, and EBV (30) .
As a first step, we sought to identify possible genes that correlated with persistence without immunopathology associated with infection by SNV in deer mice. We generated CD4 ϩ T cell lines specific for recombinant SNV nucleocapsid antigen (N-Ag), which has been shown previously to be a helper T cell antigen in deer mice (31) , from both acutely infected and persistently infected deer mice. Whereas T cells from acutely infected deer mice expressed a broad array of cytokines, T cells from persistently infected deer mice resembled regulatory T cells. These results suggest that a regulatory T cell-mediated antiinflammatory immune response has evolved in hantavirusrodent interactions that limits immunopathology but may promote persistent infection. Ostensibly, this contributes to the natural transmission and maintenance of a lethal zoonotic agent.
Results

Deer Mouse T Cell Cultures Do Not Support the Propagation of SNV.
We infected deer mice with 20 animal ID 50 of SNV and harvested T cells from acutely infected (days 9-10 postinfection) or persistently infected (days 43-45 postinfection) animals (6, 7). Viral S segment was detected by RT-PCR in the lungs of all infected deer mice but not in uninfected controls (data not shown) (32) . T cell lines established from three persistently infected deer mice were sampled at days 10 and 25 of culture for the abundance of viral S segment genomic RNA by using a TaqMan real-time PCR assay. Fewer than 50 copies of viral RNA (sensitivity of 5 copies) were detected at day 10 of culture, and no copies were detected by day 25 (Fig. 1) . Sampling of all other T cell culture supernatants and T cell RNA also failed to detect viral RNA, indicating that the T cell lines were not susceptible to SNV.
Molecular Phenotype of T Cell Lines Isolated from SNV-Infected Deer
Mice. T cell lines were profiled 7 days after in vitro antigenic stimulation for the expression of CD4, CD8, T-bet, GATA3, and FoxP3 by RT-PCR (Fig. 2) . All lines from acutely and persistently infected deer mice were CD4 ϩ /CD8
Ϫ and T-bet ϩ , whereas only lines from acutely infected deer mice expressed GATA3. FoxP3 expression was differential: three of the seven lines from acutely infected and three of the four lines from persistently infected deer mice. We were unable to determine whether the cells expressed other markers useful for identifying regulatory T cell subsets (33) , including CD25, CTL-associated antigen-4, or glucocorticoidinduced TNF receptor family-related gene (28) , because sequences for these genes are not available for the deer mouse.
Proliferation Responses of T Cells from Acutely and Persistently
Infected Deer Mice. T cell lines from both acutely and persistently infected deer mice exhibited weak proliferation responses to recombinant N-Ag (Fig. 3) . By comparison, T cells from control deer mice immunized with an irrelevant antigen (keyhole limpet hemocyanin [KLH]) proliferated vigorously, even at low concentrations. Maximal proliferation of T cells from infected deer mice challenged with N-Ag were approximately half that of the T cells from the uninfected control deer mice immunized and challenged with KLH. In addition, dilution of the N-Ag resulted in a rapid diminution of proliferative responses, such that at a dosage of 1 g/ml, proliferation was no longer detected. In contrast, proliferation of the control T cell lines from KLHimmunized deer mice were approximately half maximal at 1 g/ml of KLH, similar to other KLH-specific deer mouse T cell lines produced by us (34, 35) .
Cytokine Profiles of T Cells from Acutely and Persistently Infected
Deer Mice. Because proinflammatory cytokines are thought to be important in the pathogenesis of HCPS, we examined the profiles of cytokine genes expressed by T cells from infected deer mice. We previously developed an assay for the detection of changes in cytokine gene expression between antigen-stimulated and unstimulated T cells from a given animal by using real-time PCR (35) . This allows the calculation of the relative template abundance of each cytokine transcript in response to in vitro antigenic stimulation.
Polyclonal T cells isolated from acutely infected deer mice expressed several type 1 (IFN-␥), type 2 (IL-4 and IL-5), and regulatory T cell (TGF-␤ 1 and IL-10) cytokines (Fig. 4A) . None of the lines expressed IL-17, a marker of inflammatory Th17 cells (36) , by conventional reverse-transcription PCR (data not shown). Most of the lines had more than 20-fold increased expression of IFN-␥, IL-5, and IL-10, whereas IL-4 and TGF-␤ 1 expression was increased more than 10-fold in most animals. The change in expression levels of the type 1 cytokines TNF and LT RNA from cultured T cells was reverse transcribed for PCR to detect the expression of CD4, T-bet, GATA3, and FoxP3. All cells were CD4 ϩ and T-bet ϩ , whereas only T cells from acutely infected deer mice expressed GATA3. FoxP3 expression was detected in some of the acutely and persistently infected deer mice.
did not exceed that of the control gene (GAPDH) in any of the T cell lines.
The T cell lines from persistently infected deer mice exhibited diminished cytokine responses upon challenge with antigen ( Fig.  4B) . Three of the lines exhibited 15-to 24-fold increases in IFN-␥ expression, and two lines had Ϸ15-fold increases in IL-5 expression. All four lines had at least 18-fold increases in TGF-␤ 1 expression, with three of the lines increasing expression by 74-, 91-, and 111-fold. Antigen-induced changes of TNF, LT, IL-4, and IL-10 were near background (GAPDH). None of these T cells expressed IL-17 either.
Significant decreases (two-tailed t test) occurred in most cytokine expression levels in T cells from persistently infected deer mice compared with T cells from acutely infected deer mice, including IFN-␥ (P ϭ 0.011), IL-10 (P ϭ 0.016), IL-4 (P ϭ 0.012), and IL-5 (P ϭ 0.017). However, TGF-␤ 1 expression was significantly increased in T cell lines from persistently infected deer mice (P ϭ 0.002). No significant changes occurred with TNF (P ϭ 0.919) or LT (P ϭ 0.191).
Discussion
Viruses that establish persistent infections must evade sterilizing host immune responses. Many such mechanisms have evolved and often use virally encoded proteins that modulate innate and adaptive immune responses (13-15, 19, 22, 23, 37-39) . However, hantaviruses are among the simplest of viruses, with only three genes encoding four polypeptides. Although HCPS-causing hantavirus G N polypeptides have some immunoreceptor tyrosinebased activation motif activities (25) and some hantaviruses can impair type I IFN responses in human cells (24) in vitro, no such activities have been demonstrated in vivo in reservoir hosts.
Studying hantavirus infections of natural reservoirs has been challenging because of the near absence of immunologic and genetic reagents for use in the unusual rodent host species. Most monoclonal antibodies to house mouse (Mus musculus) cytokines, CD, and other cell surface antigens do not cross-react with deer mouse orthologs (ref. 40 ; unpublished observations). Consequently, we developed molecular assays to overcome these limitations (35, 41, 42) .
Our first hypothesis was that SNV may infect and impair T cells because activated T cells can express CD61 (␤ 3 integrin) . (43) , an entry determinant for hantaviruses (44) . This might result in the disabling of virus-specific T cells during the acute phase of the adaptive immune response. Theoretically, such an effect could result in a hole in the T cell repertoire (45); SNV-specific T cells could be depleted. In addition, it may provide a means for functionally disabling T cells or modulating their activities; the immunoreceptor tyrosine-based activation motif of G N has been shown to bind to zeta-associated protein 70 (25), a T cell tyrosine kinase necessary for CTL and Th cell functions. However, we were able to establish CD4 ϩ T cell lines from infected deer mice and demonstrate that they are not susceptible to SNV, suggesting that disabling or modulating events are unlikely for CD4 ϩ T cells. This does not discount the possibility that the CTLs could be infected, such that G N could impair or influence their activities through binding to zetaassociated protein 70. Other studies will be required to examine this possibility.
We did not detect virus in bone marrow sections by immunohistochemistry or real-time PCR of bone marrow cultures (data not shown), indicating that it is unlikely that SNV impairs APC development in the bone marrow. In addition, T cell infiltrates are not present in the lungs of infected deer mice (6); thus we used spleen cells as a source of T cells.
We established polyclonal T cell lines from all seven acutely infected deer mice but from only four of the nine persistently infected deer mice, despite the presence of viral RNA in the lungs of all deer mice (data not shown). Although it is possible that technical reasons could account for the fewer number of lines established from persistently infected deer mice, we believe that this is unlikely because of the success rate in the acutely infected deer mice and because we have established T cell lines from 16 of 16 deer mice immunized with KLH (34, 35; unpublished data). We favor the hypothesis that after more than a month postinfection, the T cell responses have waned, despite viral persistence, making T cell recovery more difficult; or that persistence is mediated by nonculturable T cells in some infected deer mice. It is also possible that SNV affects T cells in some as yet uncharacterized manner during persistence and that this has led indirectly to these observations as well.
All of the T cell lines expressed CD4 and the Th1 transcription factor T-bet, a transcription factor normally associated with the synthesis of inflammatory cytokines, such as IFN-␥. IFN-␥ was expressed by all seven of the lines from the acutely infected deer mice but at low levels in the four lines from persistently infected deer mice. The influence of T-bet on the expression of IFN-␥ may be altered during persistence and warrants further investigation. The Th2 transcription factor GATA3 was expressed by only acutely infected deer mouse T cells (46) . Concordant with this was a lack of IL-4 expression, which is dictated by GATA3 expression (46) , from T cells of persistently infected deer mice. Despite the absence of GATA3 expression in all of the lines from persistently infected deer mice, two expressed IL-5, suggesting that the expression of GATA3 is not required for IL-5 expression in deer mouse T cells. The transcription factor FoxP3, which is associated with some but not all regulatory T cell subsets (27, 33) , was differentially expressed by T cells from acutely and persistently infected deer mice, including all three of the highexpressing TGF-␤ 1 lines from persistently infected deer mice. These three T cell lines resemble inducible regulatory T cells (TGF-␤ 1 ϩ /FoxP3 ϩ ), whereas the other resembles Th3 (TGF-␤ 1 ϩ /FoxP3 Ϫ ) regulatory T cell subsets (29) and support a potential role for regulatory T cells in the in vivo response of deer mice to SNV.
The proliferative responses of deer mouse T cells to viral N-Ag were weak to moderate compared with T cell responses in deer mice immunized with the irrelevant antigen KLH presented here and elsewhere (34, 35) . The SNV N-Ag is capable of inducing vigorous T cell proliferation in immunized BALB/c mice (47), as does N-Ag from Puumala virus (48) , and in deer mice immunized with a DNA vaccine encoding the N-Ag (31). It is possible that during the coadaptation of hantaviruses to their rodent reservoirs, natural selection favored rodents able to produce viral polypeptides that limited T cell signaling through the T cell receptor. In other T cell peptide studies using inbred laboratory house mice, poor peptide binding to MHC molecules has been shown to reduce the proliferative magnitude and cytokine profiles of T cell responses (49) (50) (51) (52) . Whereas high-density peptides induced strong proliferation and Th1 cytokine responses, low-density peptides induced weak proliferation and Th2 cytokines. In this manner, it is evident that antigenic peptides can dictate the quality of an immune response by virtue of their affinity for MHC molecules (52) . Supporting this contention, de Carvalho Nicacio et al. found MHC-specific differences in proliferation magnitude to recombinant Puumala virus N-Ag in inbred strains of laboratory house mice (48) . In addition, some viral peptides are antagonistic to T cell responses, such that they can impact effector T cell maturation (53) (54) (55) . Such antagonism can lead to regulatory T cell activation and bystander suppression of an inflammatory immune response (56) . It is also conceivable that selective pressures have influenced the evolution of T cell receptor variable region gene segments for those that interact weakly with SNV peptides, which would result in T cells with less proliferative capacities to viral antigens. Whether these events occur in rodent reservoirs infected with hantaviruses is unknown and will require further investigation.
No mAbs to deer mouse cytokines are available and because deer mice are Ϸ25 million years divergent from laboratory house mice and laboratory rats (57), mAbs for detecting cytokines in these species do not cross-react with deer mouse cytokines (unpublished results). Thus, we used real-time PCR to assess changes in cytokine gene expression levels induced by antigenic stimulation of the T cell lines. Although these data may not precisely reflect translation and secretion of cytokines, they provide insight into future directions to further explore the T cell responses to antigenic stimuli.
The polyclonal T cell lines from acutely infected deer mice produced both type 1 and type 2 cytokines, including IFN-␥, IL-4, and IL-5, likely reflecting a polyclonal response and paralleling that of studies of house mice immunized with recombinant Puumala virus N-Ag (48) . Absent in the response were the type 1 cytokines TNF and LT, suggesting that these cytokines have no or limited roles during deer mouse CD4 ϩ T cell responses to SNV. Both of these cytokines are produced in fatal cases of HCPS (3) and can be expressed by deer mouse T cells (35) . TNF is suspected of causing the capillary leak syndrome in humans, and its absence in the deer mouse lines implies that virus-specific CD4 ϩ T cells are not a source of TNF in deer mice. However, it is possible that other cells in infected deer mice produce TNF, although this seems unlikely because no pulmonary inflammation is observed in deer mice infected with SNV (6, 7).
Both TGF-␤ 1 and IL-10 were expressed by the T cells from acutely infected deer mice. These cytokines are differentially expressed by regulatory T cell subsets and, in conjunction with cognate signals, are instrumental in suppressing inflammation (27, 29, 33) . Their presence early in infection suggests that they may limit inflammatory responses during acute infection. Collectively, these data indicate that a polarizing immune response does not occur during the early adaptive phase of the immune response to SNV.
TGF-␤ 1 was expressed by all four T cell lines from persistently infected deer mice, whereas IFN-␥ and IL-5 were differentially expressed by the lines. Expression of both IL-4 and IL-10 was absent in the lines, suggesting a down-regulation of these genes during persistence. Of note, three of the lines (DM6001, DM6010, and DM6012) expressed high levels of TGF-␤ 1 (Fig. 4A ) and also expressed FoxP3 (Fig. 2) , suggestive of the inducible regulatory T cell phenotype. The other line (DM6019) expressed modest levels of TGF-␤ 1 , yet higher than T cells from acutely infected deer mice, but no FoxP3, and resembles the Th3 phenotype. Low to moderate levels of IFN-␥ and IL-5 were also expressed by some of the T cells from persistently infected deer mice. IFN-␥ has a critical role in inflammation by its induction of TNF (58) , which appears to be minimized in helper T cells from deer mice infected with SNV. IL-5 is an important B cell-stimulating factor that induces the secretion of IgG and IgA from antigen-activated B cell subsets (59) and likely contributes to IgG persistence in infected deer mice.
The findings presented here suggest a prominent role for an antiinflammatory adaptive response that limits immunopathology, but that also may allow persistent infection to develop. Although we demonstrated predominant TGF-␤ 1 mRNA expression in T cells from persistently infected deer mice, we were unable to assess cytokine protein levels because commercially available antibodies for the laboratory mouse do not cross-react. Nonetheless, our cytokine gene expression findings are identical to those of Easterbrook et al. (60) in which they report elevated transcription (and translation) of TGF-␤, but decreased transcription of IL-10 and TNF in rats (Rattus norvegicus) persistently infected with Seoul hantavirus. All of their T cells expressed FoxP3, as did all but one of our T cell lines from persistently infected deer mice. Together, these results suggest that activation of regulatory T cell subsets may be a common mechanism mediating persistence of hantaviruses in their rodent reservoirs; although further examination of cytokine protein responses in deer mice and responses in additional reservoirs and their hantaviruses is needed.
The generation of regulatory T cells is initiated by the innate immune response and, for some regulatory T cell subsets, is dictated by TGF-␤ 1 -producing cells (28, 33) . It is likely that early events during the innate response drive the development of the antiinflammatory adaptive response, thus a closer examination of the acute phase of infection will be required to fully understand hantavirus-reservoir relationships. In particular, the role of chemokines should be examined because no pulmonary leukocyte infiltration occurs in deer mice, which contrasts with that observed in human infections.
These results suggest an immunological détente may have coevolved in the rodent-hantavirus relationship that is mediated by regulatory T cell responses, and lends itself to the hypothesis that this response limits inflammation and immunopathology. Importantly, the nature of this response likely contributes to zoonotic persistence and ecology of hantaviruses in rodent reservoirs. The dichotomy of immune responses between humans and rodent reservoirs also suggests that TGF-␤ 1 may be a potential therapeutic agent for treating immunopathologies caused by hantaviruses, which could abrogate the fatal inflammation associated with HCPS. Hamster models of HCPS are available that have similar pathogenesis to human HCPS (61) (62) (63) and could be used to test this hypothesis. The use of corticosteroid antiinflammatory approaches to hantavirus disease has had recent success (64) ; however, further work will be required to determine whether antiinflammatory cytokine therapies can be used safely and effectively without causing persistent infection.
Materials and Methods
Deer Mouse Infections. All methods were approved by the University of Northern Colorado and University of New Mexico Institutional Animal Care and Use Committees and were conducted in accordance with the Animal Welfare Act according to a set of strict, written standard operating procedures (65, 66) . Deer mice, of both sexes and of 6 to 10 weeks of age, were inoculated intramuscularly with 20 animal ID 50 of SNV77734 and housed in sheltered outdoor nest boxes at the Sevilleta National Wildlife Refuge as previously described (6) . The deer mice were killed by cervical dislocation at the refuge site on days 9 or 10 (acute infection) or days 43-45 (persistent infection) and packed on ice for transport to the University of New Mexico Department of Pathology for tissue processing in biosafety cabinets. Spleens and bone marrow cells were recovered from infected deer mice and made into single-cell suspensions, and aliquots were frozen in 5% FBS-RPMI medium 1640 containing 5% DMSO at Ϫ70°C for subsequent cell culture. RNA was extracted from lungs by using an RNeasy Mini kit (Qiagen, Valencia, CA) and a BeadBeater (BioSpec Products, Inc., Bartlesville, OK), and the presence of viral S segment was verified by RT-PCR; the detection of viral S segment has been shown previously to reflect similarly virus isolation methods in deer mice (32) .
Quantification of Viral RNA from Cultures. Culture supernatants were collected, and RNA was extracted by using the QIAamp Viral RNA mini kit (Qiagen) for supernatants and VersaGene Cellular RNA kit (Gentra Systems, Minneapolis, MN) for T cells. The TaqMan assay (Applied Biosystems, Foster City, CA) has been previously described (6) . Briefly, cDNA was made from the S segment, followed by real-time PCR amplification of samples and plasmid standards of 10 6 , 10 4 , and 10 2 copies per reaction. Viral RNA copy number was determined by regression analysis of the standard. For routine screening of T cell lines, conventional RT-PCR was used.
Generation of Bone-Marrow-Derived APCs. Bone marrow cells from each deer mouse were cultured in 35-mm bacterial Petri dishes in 3 ml of APC medium (10% FBS-RPMI medium 1640 supplemented with 10 ng/ml recombinant mouse granulocytemacrophage colony-stimulating factor; R&D Systems, Minneapolis, MN) (34). At 2-or 3-day intervals, half of the medium was removed and replaced with fresh APC medium for 10-14 days, which produced large numbers of competent APCs that were used to establish T cell lines and in T cell stimulation experiments (detailed below).
Establishment of Antigen-Specific T Cell Lines. T cells were produced and maintained as previously described (34) . Bone-marrowderived APCs treated with mitomycin C were used to stimulate autologous splenic T cells with 5 g/ml full-length recombinant N-Ag (67) with a C-terminal His tag and produced in Escherichia coli. After 4 days, the T cells were restimulated with fresh N-Ag and APC. The cultures were fed at 2-day intervals by replacement with 5% FBS-RPMI medium 1640 containing 10 ng/ml recombinant human IL-2 (R&D Systems). Cells were split 1:2 as wells approached confluence. After 2 weeks of culture, T cells were collected, washed, and restimulated for continued in vitro adaptation and expansion. The cultures expressed CD4 but not CD8 mRNA by RT-PCR by using primers listed in supporting information (SI) Table 1 . Additionally, KLH-specific T cells were generated with single-dose immunizations (10 g in CFA) in other deer mice to assess proliferation and cytokine responses in uninfected animals (34) . These lines were derived in the same manner as those from infected deer mice.
T Cell Proliferation Assay. KLH or N-Ag at various concentrations, 2 ϫ 10 5 T cells, and 10 4 autologous bone-marrow-derived APCs were cultured in 5% FBS-RPMI medium 1640 in 96-well plates for 72 h under 7% CO 2 ; then proliferation was assessed by MTS assay (CellTiter-96 Aq, Promega, Madison, WI). Means and SDs were calculated from duplicate samples with the ϪK (no antigen) subtracted from each mean.
Real-Time PCR Detection of Cytokine Gene Expression. The real-time PCR assay for detecting cytokine gene expression has been described previously (35) . For these experiments, 10 6 T cells and 10 5 bone-marrow-derived APCs, with or without 5 g/ml N-Ag, were cultured in 48-well plates for 42 h; then total RNA was extracted (VersaGene RNA Cell kit). Messenger RNA was reverse transcribed (iScript; Bio-Rad, Hercules, CA) and used as template cDNA. Real-time PCR with primers listed in SI Table  1 was performed in triplicate in 25-l volumes by using the iQ SYBR Green kit (Bio-Rad) for 50 cycles with a MyiQ real-time thermal cycler (Bio-Rad). The relative template abundance was determined for each T cell line by comparing gene expression in antigen-stimulated and unstimulated cell cultures. Cycle threshold means were subtracted from 50 to produce adjusted cycle threshold means and SDs from triplicate samples. The adjusted mean of each ϪK sample was subtracted from the adjusted mean of the antigen-stimulated sample from the same deer mouse T cell line to provide the cycle difference. Finally, the relative template abundance was determined by calculating 2 CD , where CD indicates cycle difference. Differences between acute and persistent gene expression levels in the groups of deer mice were evaluated for statistical significance by using Student's twotailed t test.
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